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FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are  those  of  the 
author  and  are  not  necessarily  endorsed  by  the  U.S.  Army. 


Where  copyrighted  material  is  quoted,  permission  has  been  obtained  to 
use  such  materi al . 

_  Where  material  from  documents  designated  for  limited  distribution  is 

quoted,  permission  has  been  obtained  to  use  the  material. 

QOj  Citations  of  commercial  organizations  and  trade  names  in  this  report  do 
nov  constitute  an  official  Department  of  the  Army  endorsement  or  approval  of 
the  products  or  services  of  these  organizations. 

In  conducting  research  using  animals,  the  investigator(s)  adhered  to  the 
"Guide  for  the  Care  and  use  of  Laboratory  Animals,"  prepared  by  the  Committee 
on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal 
Resources,  National  Research  Council  (NIH  Publication  No.  86-23,  Revised 
1985) . 

_  For  the  protection  of  human  subjects,  the  Investigator(s)  have  adhered 

to  policies  of  applicable  Federal  law  45CFR46. 
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EXECUTIVE  SUMMARY 


Chemical  warfare  agents  present  an  obvious  risk  to  individuals  suffering 
acute  exposure,  but  they  may  also  present  long-term  environmental  or 
occupational  health  hazards  for  workers  in  operations  involving  these 
chemical  agents.  Occupational  health  standards  have  not  been  established  for 
sulfur  mustard  (HD)  [bis-(2-chloroethy)-sulfide]  a  strong  alkylating  agent 
with  known  mutagenic  and  suspected  carcinogenic  properties.  Sulfur  mustard 
is  used  in  a  number  of  research  laboratories,  stored  in  depot  sites 
throughout  the  country  and  occasionally  transported  to  distant  sites.  The 
destruction  of  current  stockpiles  of  sulfur  mustard  by  the  U.S.  Army  in  the 
near  future  could  create  additional  environmental  and  occupational  risk.  To 
establish  a  database  for  setting  environmental  and  occupational  standards,  we 
have  conducted  studies  to  evaluate  the  toxicity,  mutagenicity,  and 
reproductive  effects  of  sulfur  mustard  using  in  vitro  and  in  vivo  study 
systems . 

The  cytotoxic,  clastogenic  and  mutagenic  effects  of  sulfur  mustard  in  Chinese 
hamster  ovary  cells  were  investigated  and  are  described  in  this  report.  One 
mutation  assay  and  two  cytogenetic  assays  were  used  in  this  study.  The 
mutation  assay  utilized  the  hypoxanthine-guanine  phyosphoribosyl  transferase 
(HGPRT)  locus  (6-thioguanine  resistance).  The  two  cytogenetic  analyses  were 
chromosomal  aberration  analysis,  measurement  of  chromosome  damage,  and  sister 
chromatid  exchange  (SCE),  a  measurement  of  chromosome  rearrangement. 

The  CHO  cells  were  exposed  in  the  test  system  1  hour,  then  washed  and 
cultured  for  an  additional  20-30  hours,  dependi-  ;i  the  assay  to  be  used. 
The  total  number  of  mutant  colonies  were  determined  and  the  mutation 
frequency  was  calculated.  Chromosome  aberrations  were  scored  using  100 
metaphases  per  dose  and  SCE  per  cell  were  calculated. 

The  cytotoxicity  data  indicate  that  micromolar  amounts  of  HD  are  highly  toxic 
to  cells  in  tissue  culture.  Average  and  induced  aberration  frequencies 
increased  in  a  dose-dependent  manner  over  a  dose  range  of  0.S  to  1.0  //M. 
Likewise,  HD  induced  SCE  increased  in  a  dose-dependent  fashion  in  the  dose 


range  of  0.0625  to  0.25  ^M.  Mutation  induction  at  the  HGPRT  locus  was 
sporadic,  but  the  majority  of  the  exposures  resulted  in  mutation  frequencies 
which  were  1.2  to  4.3  fold  greater  than  spontaneous  frequencies. 


This  report  describes  investigations  of  the  in  vitro  genetic  toxicology  of 
sulfur  mustard  using  the  CHO  cell  line.  Micromolar  exposures  of  HD  in  vitro 
are  highly  toxic  and  results  in  marked  chromosome  damage  and  rearrangement. 
It  appears  that  HD  is  also  mutagenic  at  the  HGPRT  locus. 
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INTRODUCTION 


Chemical  warfare  agents  present  an  obvious  risk  to  individuals  suffering 
acute  exposures  and  may  also  present  certain  long-term  environmental  or 
occupational  health  hazards  for  workers.  These  materials  are  used  in  a 
number  of  research  laboratories,  stored  in  depot  sites  throughout  the  country 
and  occasionally  transported  to  distant  sites.  In  addition,  stockpiles  of 
agents  are  scheduled  for  destruction  by  the  U.S.  Army  in  the  future,  creating 
an  additional  potential  for  environmental  and  occupational  exposure. 
Although  considerable  information  is  known  concerning  the  acute  effects  of 
these  agents,  little  information  is  available  on  the  long-term  hazards  of 
these  materials  including  their  carcinogenicity,  teratogenicity  and 
mutagenicity,  especially  in  mammalian  systems.  It  is  therefore  necessary 
that  potentially  toxic  and  mutagenic  chemicals  be  identified  and  that  a  data 
base  be  established  for  the  development  of  hazard  evaluations  and 
occupational  health  standards  for  these  chemicals. 

The  two  general  categories  of  vesicants  are  typified  by  lewisite 
[dichloro(2-chlorovinyl ) arsine]  and  sulfur  mustard  (HD)  [bis(2-chloroethyl) 
sulfide]  (Cassarett  and  Doull,  1986).  Contact  with  these  chemicals  produces 
severe  skin  burns.  Recently,  a  renewed  interest  in  these  chemicals  was 
generated  by  the  release  of  a  United  Nations  report  that  contained 
substantial  evidence  that  Iraq  was  manufacturing  and  using  these  agents  as 
chemical  warfare  agents  (Marshall,  1984). 

The  mustard  compounds  (both  sulfur  and  nitrogen)  are  biochemically  related  to 
a  group  of  cytotoxic  alkylating  agents,  including  the  ethyl enimines ,  sulfonic 
esters,  epoxides  and  n-alkyl-n-nitroso  compounds  (Wheeler,  1962).  These 
chemicals  react  rapidly  with  certain  functional  groups  of  proteins  (OH,  NH2, 
and  SH)  to  alter  their  metabolic  activity.  In  aqueous  solutions,  both  sulfur 
and  nitrogen  mustard  hydrolyze  to  form  cyclic  sulfonium  or  immunium  forms, 
respectively,  which,  in  turn,  will  react  with  nucleophilic  sites.  The  sulfur 
mustard  reaction  proceeds  mere  rapidly  to  the  reaction  with  nucleophiles  than 
does  nitrogen  mustard  and  is  independent  of  the  concentration  of  nucleophiles 
present  (Fox  and  Scott,  1980).  The  cytotoxic,  mutagenic,  and  carcinogenic 
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properties  of  mustard  compounds  have  been  studied  extensively  (Fox  and  Scott, 
1980),  but  most  of  these  data  relate  to  nitrogen  mustard  because  sulfur 
mustard  is  a  more  toxic  and  chemically  reactive  vesicant. 

Relevant  chemical  and  physical  properties  of  sulfur  mustara  are  summarized  in 
Table  1.  In  aqueous  solutions,  sulfur  mustard  rapidly  hydrolyses  to  form  a 
cyclic  sulfonium  salt,  jg-chloroethyl-ethylenesulfonium  chloride.  This  salt 
reacts  with  water  to  form  ^-chloroethyl -^-hydroxyethyl  sulfide  and  hydro¬ 
chloric  acid.  Subsequent  hydrolysis  of  the  sulfide,  presumably  through  the 
intermediation  of  a  second  sulfonium  salt,  forms  thiodiglycol  (Anslow  et  a  1 . , 
1948).  These  workers  have  investigated  the  toxicity  of  these  derivatives  of 
sulfur  mustard  and  a  number  of  other  intermediates  isolated  from  hydrolysates 
of  sulfur  mustard.  They  found  that  two  of  the  derivatives,  /?-chloroethyl - 
/?-hydroxyethyl  sulfide  and  thiodiglycol,  were  relatively  nontoxic. 


TABLE  1.  Relevant  Chemical  and  Physical  Properties  of  Sulfur 
Mustard,  Bis  (2-Chloroethyl )  Sulfide3. 

CAS  # : 

505-60-2 

RETCS  # : 

WQ0900000 

Structural  formula: 

Cl -CH2-CH2-S-C1 -CH2-CH2 

Molecular  weight: 

159.1  g 

Density  at  25°C: 

1.3  g/ml 

State: 

Colorless,  oily  liquid 

Vapor  pressure  at  20°C: 

0.072  mm 

Decomposition  temperature: 

149-177°C 

Solubility  in  water  at  25°C: 

0.68  g/L 

Hydrolysi s 

Rate  (Tl/2  at  25°C,  pH  7): 

8.5  min 

Products : 

Thiodiglycol,  chloride 

Army  Abbreviation 

HD 

3Rosenolatt  et  al . ,  1975:  Windholz,  1983. 
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The  carcinogenicity  of  nitrogen  mustard  is  well  documented,  but  relatively 
little  data  are  available  for  HD.  Studies  in  mice  have  shown  evidence  of  skin 
papillomas  following  subcutaneous  HD  treatment  and  lung  tumors  after 
intravenous  injection  or  inhalation  of  HD  (Fox  and  Scott,  1980).  Studies 
conducted  by  the  U.S.  Army  found  little  evidence  of  lesions  in  rabbits, 
guinea  pigs  and  dogs  after  being  exposed  to  HD  vapor  for  up  to  52  weeks. 
Treatment-related  skin  tumors  were  observed  in  rats  exposed  to  0.1  mg/m3  HD 
vapor  for  as  few  as  12  weeks  (McNamara  et  al.  1975).  In  an  initiation- 
promotion  study  using  a  mouse-skin  model,  HD  was  not  found  to  be  an  active 
initiator  of  tumor  development  (Berenblum  and  Shubik,  1949).  However, 
Japanese  factory  workers,  who  were  involved  in  the  production  of  chemical 
agents  and  who  were  potentially  exposed  to  unknown  quantities  of  various 
chemical  agents  including  HD  during  World  War  II,  show  evidence  of  an 
increased  incidence  of  respiratory  and  gastrointestinal  tract  cancers  (Wada 
et  al . ,  1968;  Norman,  1975;  Nishimoto  et  al . ,  1970;  Manning  et  al . ,  1981; 
Yamakido  et  al . ,  1985) . 

The  teratogenic  potential  of  HD  was  studied  in  rats  exposed  to  two 
concentrations  of  inhaled  HD  (0.001  and  0.1  mg/m3)  during  each  of  the  3  weeks 
of  gestation  or  throughout  the  entire  gestation  period  (McNarmara  et  al., 
1975).  No  evidence  of  dose-related  fetal  mortality  or  gross  abnormalities 
was  noted.  Teratology  studies,  following  the  segment  II  teratology  protocol, 
were  recently  conducted  in  rats  and  rabbits  by  Hackett  et  al .  (1987).  Rats 
were  exposed  to  0. 5-2.0  mg/kg  HD  by  gastric  intubation  from  6  to  15  day  of 
gestation  (dg)  and  were  killed  on  dg  20.  No  evidence  of  a  teratogenic 
response  to  HD  was  observed  since  fetal  effects  occurred  only  at  doses 
exhibiting  signs  of  maternal  toxicity.  Likewiie,  fetal  development  of 
rabbits  exposed  to  0.4-0. 8  mg/kg  HD  between  6  and  19  dg  was  not  affected  even 
though  maternal  mortality  was  induced  at  the  highest  dose.  These  results 
suggest  that  HD  is  not  teratogenic  in  rats  and  rabbits  since  fetal  effects 
were  observed  only  at  dose  levels  that  induced  frank  maternal  toxicity. 

Mustard  agents  (mostly  nitrogen)  have  been  found  to  produce  mutagenic  affects 
in  a  wide  variety  of  animal  species  and  test  systems.  Reviews  on  the  genetic 
toxicology  of  nitrogen  mustard  and  HD  have  summarized  the  known  effects  of 
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these  agents  in  biological  systems  (Auerbach,  1949;  Auerbach,  1976;  Fox  and 
Scott,  1980).  Dominant  lethal,  sex-linked  recessive  and  autosomal  lethal, 
and  visible  mutations  as  well  as  major  rearrangements  and  chromosomal 
aberrations  have  been  reported  in  the  fruit  fly.  The  mutagenic  potential  of 
HD  was  recently  evaluated  in  the  standard  plate  incorporation  version  and  the 
preincubation  modification  the  Salonel la/microsomal  (Ames)  assay  (Stewart, 
1987;  Stewart  et  a  1 . ,  1989).  Sulfur  mustard  induced  point  mutations  in 
tester  strain  TA102  and  frameshift  mutations  in  TA97  but  showed  little  or  no 
mutagenicity  against  strains  TA98  or  TA100. 

Relatively  little  is  known  concerning  the  mutagenicity  of  HD  in  mammalian 
species  or  test  systems.  Chronic  inhalation  exposure  of  male  rats  to  sulfur 
mustard  (0.1  mg/m3)  was  reported  to  pr^dure  significant  dominant  lethal 
effects,  but  exposure  of  pregnant  females  to  the  same  concentrations  for  a 
shorter  time  interval  failed  to  induce  feta  malformations  (Rozmiarek  et  al . , 
1973).  McNamara  et  al.  (1975)  subsequently  concluded  from  these  same  data 
that  there  were  no  differences  between  the  control  and  experimental  groups 
and  no  evidence  of  mutagenesis.  It  is  difficult  to  resolve  the  apparent 
conflict  between  the  conclusions  of  these  two  reports,  but  the  fetal 
mortality  values  presented  in  the  McNamara  report  suggest  at  least  a  trend 
for  a  significant  dominant  lethal  effect.  Complete  control  data  are  missing 
from  the  report  and  statistical  evaluation  of  the  results  is  not  presented, 
but  percentage  fetal  death  at  week  12  were  4.12,  4.24,  and  21.05  for 
controls,  0.001  and  0.1  mg/m3  exposure  groups,  respectively. 

The  bifunctional  alkylating  agent,  HD,  yields  7  -  a  1  kylguanine  as  its  principal 
alkylation  product  (Fox  and  Scott,  1980).  Approximately  25%  of  these 
alkylations  result  in  the  formation  of  the  DNA  cross-link,  diguanine-7- 
ethylmethylamine.  DNA  cross-links  are  implicated  in  the  production  of 
chromosomal  aberrations  and  chromosomal  rearrangements  ( Bode i 1  et  al.,  1985; 
Tokuda  and  Bodell,  1987). 

HD  is  a  known  clastogen  which  produces  all  of  the  types  of  chromatid 
aberrations  commonly  seen  with  ionizing  radiation  (Fox  and  Scott,  1980). 
Conversely,  very  few,  if  any,  chromosome  type  aberrations  have  been  observed 


after  HD  treatment  Some  investigators  feel  that  this  observation  suggests 
that  only  one  strand  of  the  DNA  helix  is  affected  by  the  cross-link  (Fox  and 
Scott,  1980).  Information  regarding  the  dose  response  relationships  of  HD 
induced  aberrations  ’S  ambiguous  and  a  detailed  analysis  would  require  the 
use  of  synchronous  cell  populations  and  cell  progression  analysis.  Nitrogen 
mustard  (HN2)  induces  chromosomal  rearrangement  (sister  chromatid  exchange) 
in  mammalian  chromosomes  (Fox  and  Scott,  1980;  Tokuda  and  Bodell ,  1987). 

HD  has  been  reported  to  induce  a  linear  increase  in  Lhe  mutation  of  L5178Y 
cells  as  determined  by  reversion  from  asparagine  dependence  (Capizzi  et  al., 
1973).  The  cytotoxicity,  mutagenicity  and  the  clastogenicity  of  HD  using 
Chinese  hamster  ovary  (CHO)  cells  were  investigated  in  this  study. 
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MATERIALS  AND  METHODS 


Sulfur  Mustard 

The  HD  used  in  these  studies  was  2,2' -dichlorodiethyl  sulfide,  also  known  as 
bi s (2-choroethyl ) sul f ide  or  distilled  mustard  (HD). 

The  HD  was  supplied  by  the  U.S.  Army  Medical  Research  Institute  for  Chemical 
Defense  (USAMRICD),  Chemical  Surety/Safety  Office,  Aberdeen  Proving  Ground, 
Edgewood  Arsenal  MD  from  lot  No.  HD-U-4244-CTF-N-! ,  previously  designated  Lot 
No.  ICD-HD-1.  The  material  was  prepared  August  31,  1981  and  analyzed  for 
purity  September  4,  1984  by  Captain  William  Beaudry  and  Linda  Szafraniec 
(Research  Directorate,  Chemical  Research  and  Development  Center)  by  nuclear 
magnetic  resonance.  Purity,  calculated  on  a  weight  basis,  was  97.3%.  There 
were  two  impurities  with  concentrations  of  1.2%  (assumed  to  be  dithiane)  and 
1.5%  (identity  unknown).  Material  from  this  lot  has  been  proposed  as  the 
standard  analytical  reference  for  USAMRDC  and  USAMRDC  has  agreed  to  retain 
aliquots  of  this  material  to  comply  with  the  requirements  of  Good  Laboratory 
Practices  (GLP) . 

A  shipment  of  25  ml  of  HD  (in  two  ampules)  was  delivered  on  March  7,  1985  by 
a  team  from  the  U.S.  Army  Technical  Escort  Unit.  The  ampules  were  inspected 
and  found  to  be  intact.  Subsequently  the  HD  was  transferred  from  the  ampules 
into  30-ml  Wheaton  bottles,  sealed  and  stored  in  secondary  unbreakable 
containers  in  a  refrigerated  storage  container  at  approximately  6°C. 

Sample  Preparation  and  Analysis 

Sulfur  mustard  is  relatively  insoluble  (0.68  g/L)  and  also  is  rapidly 
hydrolyzed  in  water,  therefore  absolute  ethanol  (EtOH)  was  employed  as  the 
diluent  for  this  study.  The  HD  solutions  were  prepared  in  advance  and  stored 
in  a  refrigerator  at  approximately  6°C  overnight.  The  general  procedure  was 
to  determine  the  amount  of  neat  HD  needed,  based  on  the  volumes  to  be 
prepared  and  the  final  concentrations  desired.  This  volume  was  then  removed 
from  the  bottle  of  neat  HD  and  thoroughly  mixed  into  a  known  volume  of 
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ethanol.  Aliquots  of  this  intermediate  concentration  were  then  diluted 
further  to  give  the  final  concentration  needed  for  exposing  the  cells. 

Methods  were  developed  for  the  assay  of  HD  in  ethanol  by  gas  chromatography, 
using  a  capillary  column  and  flame-ionization  detection.  The  procedure 
consisted  of  diluting  0.50  ml  of  the  HD-ethanol  sample  with  0.50  ml  of  18.7 
mg/ml  2,4-dichlorotoluene  (DCT)  in  isooctane,  contained  in  a  1.5-ml  automatic 
sampler  vial  with  a  Teflon-lined  crimped-top  cap.  The  DCT  was  used  as  an 
internal  standard  for  the  assay.  A  Hewlett-Packard  5840A  gas  chromatograph 
and  7672  automatic  sample  changer  were  used  with  a  capillary  DB-5  column  (J  & 
W  Scientific,  Folsom,  CA) .  The  method  can  detect  as  low  as  0.01  mg/ml.  The 
analytical  results  compared  to  theoretical  values  are  presented  in  Table  2 
for  dose  levels  evaluated.  Some  samples,  ranging  in  concentration  from 
0.00795  to  15.9  mg/ml,  were  analyzed  using  this  method  on  the  day  of  their 
preparation  and  after  they  had  been  stored  in  a  refrigerator  at  approximately 
6°C  for  one  day.  The  solutions  at  all  concentrations  appeared  to  be  stable 
within  7%  for  at  least  one  day.  Since  the  precision  of  the  analyses  was  also 
about  this  level,  there  appeared  to  be  no  evidence  that  the  samples  degraded 
during  this  period.  All  experiments  were  conducted  within  one  day  of 
preparing  the  test  solutions. 

Chemicals  Used 

The  sulfur  mustard  used  in  this  study  was  lot  number  HD-U-4244-CTF-N-1  and  is 
described  in  an  earlier  section  of  this  report.  Dilutions  of  the  agent  were 
made  up  in  absolute  (punctilious)  ethanol  (EtOH  -  U.S.  Industrial  Chemical 
Co.).  A  new  bottle  of  ethanol  was  used  for  each  experiment.  Ethyl  methane- 
sulfonate  (EMS  -  Sigma  lot  #95F-0226)  was  used  as  a  positive  control  for 
mutation  and  sister  chromatid  exchange  (SCE)  studies.  All  EMS  dilutions  were 
made  up  in  absolute  ethanol.  6-aminocrysine  (6-AC:  Aldrich  lot  #092797)  was 
used  as  a  positive  control  for  materials  that  required  S9  activation.  6-AC 
was  solubilized  in  dimethyl sul foxide  (DMS0:  American  Type  Culture,  Lot 
#129341).  Metabolic  activation  was  accomplished  using  Litton  Bionetics  rat 
liver  S9  preparation  lot  #07420.  The  6-thioguanine  (6-TG:  Sigma  lot  #15F- 
4023),  used  as  a  selecting  chemical  in  the  HGPRT  mutation  assay,  was  made  up 


Table  2.  Comparison  of  Theoretical  and  Analytical  Concentrations 
of  HD  in  Ethanol  Dosing  Solutions. 


Date 

Prepared 

Date 

Analyzed 

Dose  Level 
(a*M) 

HD  Concentration  (mq/ml) 
Theoretical  Analyzed* 

7-29-86 

7-29-86 

100 

15.9 

15.9 

*  0 

50 

7.95 

- 

— 

10 

1.59 

1.52 

*  0.035 

5 

C.795 

0.739 

*  0.005 

1 

0.159 

0.144 

*  0.005 

0.5 

0.0795 

0.0703 

*  0.003 

0.1 

0.0159 

0.0135 

*  0.0005 

0.05 

0.00795 

0.0063 

*  0 

7-29-86 

7-30-86 

100 

15.9 

15.2 

*  0.57 

50 

7.95 

7.81 

*  0.02 

10 

1.59 

1.53 

±  0.04 

5 

0.795 

0.734 

*  0.003 

1 

0.159 

0.144 

±  0.005 

0.5 

0.0795 

0.0676 

*  0.0008 

0.1 

0.0159 

0.0136 

±  0.0001 

0.05 

0.00795 

0.0061 

*  0.0002 

8-5-86 

8-5-86 

1 

0.159 

0.159 

*  0 

0.5 

0.0795 

0.0648 

*  0 

0.1 

0.0159 

0.0140 

*  0 

0.05 

0.00795 

0.0057 

*  0.0014 

12-8-86 

12-8-86 

0.6 

0.0954 

0.095 

*  0 

0.4 

0.0636 

0.073 

±  0.013 

0.2 

0.0318 

0.0325 

*  0.0035 

0.15 

0.0238 

0.0570 

±  0.0014 

0.1 

0.0159 

0.018 

0.05 

0.00795 

0.0077 

0.025 

0.00397 

0.0033 

0.012 

0.00198 

0.00062 

*Mean  ±  SD 

when  duplicate 

samples  were  available. 
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in  sterile  water  as  a  3  mM  stock  solution  and  used  at  a  final  concentration 
in  medium  of  30  /iM. 

5 1 -Bromo-2-deoxyruidine  (Brd  Urd:  Sigma  lot  #56F0767),  Hoechst  dye  (Sigma 
lot  #25F-3 538) ,  and  Giemsa  stain  (Gurr's  improved  R66  lot  #772201)  were  used 
to  differentiate  sister  chromatids.  The  Sorensen's  buffer  used  in  this 
technique  was  made  up  as  10X  solution  (A  and  B  stock).  Stock  A  =  9.07  g 
KH2P04  in  100  ml  H20;  Stock  B  =  9.47  g  Na2HP04  in  100  ml  H20.  The  final 
working  solution  was  10  ml  A  and  10  ml  B  brought  up  to  100  mis  total  with  H20 
and  the  pH  was  adjusted  to  6.8. 

Cell  Culture  Media 

F12  medium  supplemented  with  5%  fetal  bovine  serum  (fbs)  was  used  for  routine 
cell  culture.  F12  medium  -  hypoxanthine  (-HX)  supplemented  with  5%  dialyzed 
fetal  bovine  serum  (dfbs)  was  used  for  mutant  selection. 

Identification  of  Cell  Line 

The  cells  used  in  this  study  were  designated  CH0/C18  which  are  a  subclone  of 
CH0  used  for  mutation  analysis  (Jostes  et  al.(  1980).  These  cells  have  been 
subsequently  maintained  in  liquid  nitrogen  and  cultured  in  F12  medium 
supplemented  with  5%  fetal  bovine  serum.  Cell  identification  was  routinely 
verified  using  chromosome  analysis.  Chromosome  analysis  included  showing 
that  the  mean  chromosome  number  was  21  and  that  the  karyotype  was  consistent 
with  CH0  cells. 

In  Vitro  Assays 

One  mutation  assay  and  two  cytogenetic  assays  were  used  in  this  study.  The 
mutation  assay  utilized  the  hypoxanthine-guanine  phosphoribosyl  transferase 
(HGPRT)  locus  (6-thioguanine  resistance).  The  two  cytogenetic  analyses  were 
chromosomal  aberration  analysis  (a  measurement  of  chromosome  damage)  and  SCE 
(a  measurement  of  chromosome  rearrangement).  The  experimental  design  for 
each  was  as  described  below. 
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Mi'+ation  Analysis 

In  addition  to  the  test  compound,  the  CHO/HGPRT  mutation  assay  contained  the 
following  elements;  a  positive  control  (CMS);  a  promutagen  (6-AC)  which 
required  metabolic  activation  and  a  solvent  control  (EtOH)  which  served  as  a 
negative  control.  Three  concentrations  of  the  test  compound  were  assayed  in 
replicate  or  triplicate.  CHO  cells  were  treated  in  75  cm*  tissue  culture 
flasks.  Cells  (0.5  -  1.0  x  106  per  flask)  were  plated  into  10  ml  F12  medium 
with  5%  fetal  calf  serum  (fcs)  and  were  incubated  for  15-24  hours  before 
exposure.  The  test  compound  was  diluted  in  EtOH  and  a  standard  volume  (50 
H 1)  was  added  to  10  ml  of  F12  medium  minus  serum  for  cell  exposure.  Direct- 
acting  mutagens  were  added  to  10  ml  of  F12  medium  -  fbs  and  incubated  at  37°C 
for  1  hours  ±  5  min. 

Rat  liver  microsomes  (S9)  were  used  in  some  experiments  to  activate 
promutagens.  In  this  case  the  S9  and  associated  cofactors  were  added  to  the 
medium  just  before  treatment. 

After  treatment  cultures  were  washed  3  times  with  saline  G  and  fresh  F12  +  5% 
fbs  was  added  to  the  cultures.  The  cells  were  then  incubated  for  an 
additional  20-30  hours  before  trypsinization  to  alleviate  possible  trypsin 
effects.  After  trypsinization  the  cells  were  plated  for  initial  survival 
(day  1)  and  for  phenotypic  expression  (6-10  days).  At  the  end  of  the 
expression  period  the  cells  were  trypsinized  and  replated  into  F12  -Hx  +  5% 
dfbs  for  determination  of  plating  efficiency  and  5  x  104  cells/well  were 
plated  into  3,  6-well  plates  containing  F12  -Hx,  30  6-TG  and  5%  dfbs  for 
selection  of  mutant  colonies. 

After  colony  formation  the  plates  were  fixed,  stained,  and  counted.  The 
total  number  of  mutant  colonies  was  determined  at  each  treatment,  as  well  as 
the  plating  efficiency.  The  mutation  frequency  was  then  calculated  by 
dividing  the  total  number  of  mutant  colonies  by  the  cells  plated  into  6-TG 
corrected  for  plating  efficiency. 
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Cytogenetic  Analysis 

Treatment  procedures  were  as  described  previously  for  the  mutation  assay. 
After  treatment  the  cells  were  cultured  for  at  least  24  hours  in  F12  medium 
supplemented  with  5%  fbs  for  aberration  analysis.  If  the  chromosomes  were  to 
be  scored  for  SCE,  10  /*M  BrdUrd  was  present  in  the  medium  after  treatment. 
After  approximately  24  hours  colcemid  was  added  at  a  final  concentration  of 
0.08  /ig/ml .  Metaphase  cells  were  collected  by  the  "shake"  method  and  the 
suspended  cells  were  centrifuged,  swelled,  fixed  and  burst  onto  microscope 
slides.  Cells  were  prepared  for  aberration  analysis  by  staining  in  5% 
Giemsa.  Chromosomes  were  prepared  for  SCE  analysis  by  a  modification  of  the 
methodology  of  Perry  and  Wolff  (1974). 

Statistical  Analysis 

Chromosome  aberrations  were  scored  using  100  metaphases  per  dose.  In 
aberration  studies  each  cell  was  evaluated  as  an  individual  treatment  and 
means  and  standard  errors  are  calculated  within  each  experiment.  Standard 
error  is  used  because  of  the  high  number  of  naught  values  in  each  treatment 
and  the  poisson  nature  of  aberration  distribution.  The  standard  error  was 
determined  by  the  formula:  square  root  of  the  mean  number  of  aberrations 
divided  by  the  square  root  of  the  number  of  metaphases  evaluated  (Remington, 
1970). 

SCE  were  scored  and  the  data  is  expressed  as  SCE/cel  1 .  Analysis  of  30 
metaphases/treatment  was  made  and  significant  differences  were  determined 
using  the  more  conventional  standard  deviations. 
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RESULTS 


Cytotoxicity 

Figure  1  presents  the  CHO  cell  survival  response  (day  1)  for  1  hour  HD 
exposures  as  determined  by  colony  formation  in  two  experiments.  Due  to  the 
high  toxicity  in  Experiment  A,  further  evaluation  could  not  be  performed. 
Using  the  data  from  experiment  B  a  D  of  approximately  0.5  /xM  HD  and  an 
extrapolation  number  cf  4  was  derived.  When  the  cells  were  exposed  in  the 
presence  of  S9  microsomal  fractions,  the  survival  was  enhanced  suggesting 
that  the  S9  itself  interferes  with  HD  toxicity  (Figure  2). 

Clastogenic  Effects 

A  preliminary  experiment  indicated  that  0.5  /xM  HD  induced  an  average  of  0.22 
±  0.05  aberrations  per  metaphase.  This  compared  with  a  control  value  of  0.02 
±  0.01  aberrations  per  metaphase  and  represents  an  induced  frequency  that  is 
approximately  10  times  the  spontaneous  value.  Cell  survival  at  this  HD 
concentration  was  approximately  75%  of  the  control  value. 

A  dose  range  of  0.5  to  1.0  /xM  was  selected  for  further  investigation.  Table 
3  presents  dose  response  data  from  two  experiments.  In  both  experiments  the 
average  and  induced  aberration  frequencies  increased  in  a  dose  dependent 
manner.  When  cells  were  exposed  to  HD  in  the  presence  of  S9  (experiment  B)  a 
flat  response  was  obtained.  Because  of  this  result  and  a  similar  inhibition 
of  cytotoxicity  (Figure  2)  we  did  not  include  S9  in  experiment  C.  Although 
the  absolute  number  of  aberrations  was  higher  in  experiment  C,  the  trend  with 
increasing  dose  was  similar  in  both  experiments.  In  both  experiments  the 
standard  errors  of  the  lowest  dose  investigated  (0.5  /xM  HD)  indicate  that  the 
induced  aberration  response  is  significantly  greater  (P  <  0.05)  than  the 
control  values. 

Sister  Chromatid  Exchange 

Table  4  presents  data  which  shows  that  HD  induces  SCE  in  a  dose  dependent 
manner  and  at  much  lower  concentrations  than  that  required  for  aberration 
induction.  Figure  3  presents  data  from  experiment  B  which  illustrates  the 
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CELL  SURVIVAL 


uM  HD 


f-  gure  1.  Fraction  of  cells  surviving  HD  treatment  (day  1).  Circles  are 
from  experiment  A  and  squares  are  from  experiment  B.  The  line 
was  drawn  by  eye  to  the  data  from  experiment  B. 


SURVIVAL 


Figure  2.  Fraction  of  ceils  surviving  HD  treatment  in  the  presence  of  S9 
(day  1).  Circles  are  experiment  A  and  squares  are  experiment 
B.  The  line  was  drawn  by  eye  to  the  data  from  experiment  B. 
Note  the  increase  in  survival  compared  to  that  without  S9 
(Figure  1 ) . 


TABLE  3.  HD  Induced  Chromosome  Aberrations  in  CHO  Cells 
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TABLE  4.  HD  Induced  Sister  Chromatid  Exchange  in  CHO  Cells 
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3  40  metaphases  scored. 

b  Average  of  treatment  values  less  the  appropriate  control. 
c  Chromosome  morphology  inadequate  for  an  analysis, 
d  Not  done. 

e  Higher  number  of  SCEs  per  metaphase  than  would  usually  be  scored. 
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Figure  3.  SCE  per  metaphase  after  HD  treatment  without 
S-9.  Data  are  from  experiment  B  (Mean  ±  SE) . 


dose  dependent  nature  of  SCE  induction  by  HD.  Addition  of  S9  again  decreased 
the  apparent  genotoxicity  of  HD  resulting  in  less  SCE's  (Figure  4).  For  this 
reason,  as  with  aberrations,  S9  was  not  included  in  experiment  C.  Again  the 
apparent  response  was  higher  in  experiment  C  as  was  observed  with  the 
aberration  response.  In  both  experiments  the  standard  deviations  of  the 
lowest  dose  investigated  (0.0625  ^M)  indicate  that  the  induced  SCE  response 
is  significantly  greater  (P  <  0.05)  than  the  control  values. 

Mutation  Frequency 

Table  5  presents  data  obtained  using  the  H6PRT  mutation  system  in  CH0  cells. 
In  this  experiment  (B)  the  only  apparent  induced  mutations  (above  spontaneous) 
appeared  at  1.0  and  2.0  HD  without  S9  and  1.0  and  3.0  /*M  with  S9.  This 
type  of  sporadic  mutation  induction  has  not  been  observed  previously  using 
other  mutagens  with  this  cell  line.  Accordingly,  we  initiated  an  experiment 
to  determine  whether  the  8-day  expression  time  was  sufficient  for  expression 
of  the  mutant  phenotype.  Because  survival,  aberration,  and  SCE  data 
indicated  the  S9  was  interfering  with  the  toxicity  of  HD  and  because 
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Figure  4.  SCE  per  metaphase  after  HO 
S9.  Note  the  reduction 
present . 


treatment  in  the 
in  SCEs  induced 


presence 
when  S9 


of 
i  s 


alkylating  agents  alkylate  the  DNA  without  metabolic  activation,  we  inves¬ 
tigated  the  expression  of  the  mutant  phenotype  without  S9  activation. 

Figure  5  presents  the  expression  of  HGPRT  mutations  with  time  after  treatment 
with  either  5  mM  EMS  or  1.8  pM  HO,  a  concentration  which  would  be  expected  to 
give  an  initial  survival  of  approximately  10%.  Two  serum  lots,  one  dialyzed, 
were  used  in  the  expression  time  experiment.  As  can  be  seen  from  Figure  5, 
the  maximal  mutation  frequency  is  attained  with  both  agents  after  5  days  and 
the  frequencies  are  essentially  on  a  plateau  when  cells  are  replated  into  the 
selecting  agent,  6  TG,  between  5  and  13  days.  The  average  frequency  on  the 
plateau  is  49.5  x  10~6  for  HD  treatment  vs  .187.0  x  10'6  mutants  per  viable 
cell  for  EMS  treatment.  The  lack  of  any  spontaneous  mutants  before  day  5  may 
in  part  reflect  the  low  survival  seen  on  day  0  and  3  (Figure  6)  after  HD 
treatment.  The  fact  that  the  HD  frequencies  are  on  a  plateau  by  day  5, 
indicates  that  the  recovery  from  cytotoxicity  is  only  one  factor  in  the 
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TABLE  5.  HO  Induced  Mutations  at  the  HGPRT  Locus 
in  CHO  Cells  with  or  without  S9 


Experiment  B 


Mutations 

per  viable 

cel  I  x 

10'6 

_ 

S9 

+S9 

T  reatment 

Repl icate 

Mean 

Induced 

Mean 

Induced 

EMS  Control  (1  mM) 

28.3 

21.2 

6-AC  Control  (150  /xM) 

6.4 

32.4 

25.3 

Control  (EtOH) 

7.1 

0 

1.0  ;iM  HD 

A 

21.2 

14.1 

28.3 

21.2 

B 

3.5 

n 

U 

(b) 

2.0  /xM  HD 

A 

16.5 

9.4 

1.2 

0 

B 

8.3 

1.2 

(b) 

3.0  /xM  HD 

A 

0 

0 

46.0 

38.9 

B 

(a) 

(b) 

aAtypical  plating  efficiency 
t>Not  done. 


establishment  of  the  mutant  phenotype.  In  any  case,  it  appears  that  the  8- 
day  expression  time  used  in  experiment  B  (Table  5)  is  adequate  for  mutation 
analysis  under  these  conditions.  A  third  experiment  was  designed  to 
investigate  whether  lower  doses  might  result  in  a  more  uniform,  dose  related, 
induction  of  mutations  by  HD  (Table  6).  Again,  one  can  see  cnat  the 
induction  of  HGPRT  mutations  does  not  increase  with  dose  at  these 
dose/levels,  and  futhermore,  two  of  the  treatments  did  not  result  in  a 
recovery  of  mutations  above  the  spontaneous  value  (1.0  /xM  replicate  C  and  1.8 
(iH  replicate  A).  In  fact,  the  average  induced  values  appeared  to  decrease 
with  increasing  dose,  although  not  significantly. 
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MUTANT  FREQUENCY  PER 
VIABLE  CELL  X  10 


Figure  5.  Expression  time  for  mutant  induction  in  CHO  cells.  Circles  are  for 
30  /iM  6-TG  in  undialyzed  serum  and  squares  are  the  same  conditions 
in  dialyzed  serum.  Open  data  points  represent  mutants  induced  by  5 
mM  EMS  treatment  and  closed  data  points  represent  mutants  induced 
oy  1.8  /xM  HD  treatment.  The  lack  of  spontaneous  mutants  on  0  and  4 
days  after  HO  treatment  probably  reflect  the  extremely  low  cell 
survival  at  these  time  points  (see  Figure  6). 
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DAYS 

Figure  6.  Increase  in  cell  survival  with  time  after  treatment  with  5  mM  EMS 
and  1.8  HD.  Open  data  points  represent  survival  after  5mM  EMS 
treatment  and  closed  data  points  represent  survival  after  1.8  /xM  HD 
treatment.  Circles  and  squares  are  undial ized  and  dialyzed  serum 
respectively. 


TABLE  6. 

HD  Induced 

Mutations  at 

the  HGPRT  Locus  (-S9) 

Experiment  0 

Mutations  per  viable  cell 

x  10~6 

Treatment 

Induced 

Repl icate 

Frequency 

Mean  *  SE  Induced 

Averaqe 

EMS  Control  (5  mM)a 

551.7 

530.7 

Control  (EtOH) 

21.0 

1.0  fiH  HD 

A 

49.4 

28.4 

32.; 

B 

89.2 

68.2 

C 

18.1 

52.2  *  35.6  0 

1.4  /*M  HD 

A 

68.6 

47.6 

23. 

B 

37.0 

16.0 

C 

26.8 

44.1  *  21.8  5.8 

1.8  ^  HD 

A 

20.2 

0 

6.; 

B 

31.7 

1C. 7 

C 

28.5 

26.8  ±  5.9  7.5 

aNew  EMS 
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DISCUSSION 


The  cytotoxicity  data  indicates  that  micromolar  amounts  of  HD  are  highly 
toxic  to  cells  in  tissue  culture.  The  one  hour  exposure  in  tissue  culture 
medium  (essentially  water)  should  represent  exposure  to  the  entire  toxic 
potential  of  HD,  approximately  7  half-lives  of  the  chemical  in  water.  This 
toxicity  is  lowered  slightly  by  the  addition  of  S9  microsomal  fractions  which 
may  reflect  moderation  of  the  HD  effect,  possibly  by  supplying  extracellular 
proteins  which  are  cross-linked  by  the  HD.  If  this  is  true  one  would  expect 
that  extracellular  proteins  in  vivo  would  modify  the  toxicity  of  the  HD 

exposure. 

HD  induces  marked  chromosomal  effects  at  low  micromolar  concentrations.  At 
1  /iM,  an  HD  exposure  where  approximately  40%  of  the  cells  survive,  one  sees 
aberrations  in  37%  (experiment  B)  or  96%  (experiment  C)  of  the  metaphases. 
This  is  in  general  agreement  with  the  assumption  that  aberrations  are  often  a 
lethal  event.  The  fact  that  a  much  higher  frequency  of  aberrations  was 
induced  in  experiment  8  relative  to  experiment  A  suggests  that  dosing 
variables  such  as  dilution  schemes,  and  the  short  half-life  of  the  HD  (8.5 
min),  in  the  medium  may  render  the  determination  of  precise  induced 
frequencies  impractical.  Interpretation  of  the  dose  response  of  induced 

aberrations  is  complicated  by  many  factors,  including  cell  progression  and 
cell  cycle  sensitivity. 

High  levels  of  SCE,  a  measure  of  chromosomal  rearrangement,  which  correlates 
well  with  mutagenicity,  are  induced  by  low  micromolar  amounts  of  HD.  The 
induct  ion  is  approximately  linear  in  experiment  E  as  one  would  expect  with 
cross-linking  agents  (Bodell  et  al.,  1985;  Tokuda  and  Bodell;  1987).  The 

saturation  at  the  highest  dose  in  experiment  C  probably  reflects  the  fact 
that  so  many  SCEs  were  induced  that  some  were  not  resolvable  and  therefore 
not  scored.  Tokuda  and  Bodell  (1987)  have  shown  that  cross  linking  agents 
are  extremely  effective  inducers  of  SCE.  This  is  supported  by  the 
observation  that  0.0625  fi M  HD,  the  lowest  dose  used,  which  would  not  be 

expected  to  cause  appreciable  cell  death,  gave  3X  the  spontaneous  SCE 
frequency  in  experiment  B  and  5X  the  spontaneous  frequency  in  experiment  C. 
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The  sporadic  nature  of  mutation  induction  at  the  HGPRT  locus  is  unexpected. 
The  expression  time  experiment  indicates  that  adequate  expression  times  were 
used  in  all  experiments.  Furthermore,  it  appears  from  this  experiment  that 
once  the  mutants  are  induced  in  a  cell  population  they  are  stable  in  that 
population,  at  least  from  5-13  days.  It  is  unlikely  that  one  exposure  might 
induce  a  class  of  mutants  that  takes  longer  to  express  the  phenotype  than 
another.  Furthermore,  the  doses  used  in  experiment  D  should  not  have  killed 
the  cells  below  the  level  of  mutant  induction.  The  fact  that  the  induced 
frequencies  decrease  with  increasing  dose  in  experiment  D  suggests  that  some 
sort  of  saturation  phenomena  is  occurring,  even  at  these  low  doses.  Perhaps 
even  lower  doses  are  required  to  achieve  a  dose  response  witn  HD.  In  any 
case  the  majority  of  the  exposures  (71%)  resulted  in  mutation  frequencies 
which  were  1.2  to  4.3  fold  greater  than  the  spontaneous  frequencies. 

In  summary,  we  have  investigated  the  in  vitro  genetic  toxicology  of  sulfur 
mustard  using  the  CHO  cell  line.  Micromolar  exposures  of  HD  in  vitro  are 
highly  toxic  and  result  in  marked  chromosome  damage  and  rearrangement.  It 
appears  that  HD  is  mutagenic  at  the  HGPRT  locus  although  the  system  may  be 
saturated  at  the  concentrations  used. 
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